The phosphor dip-transfer coating method is simple and flexible for transferring a preanalyzed volume of phosphor gel, which can be beneficial to the high angular color uniformity (ACU) of white light-emitting diodes (LEDs). The crux of this method is the volume control of the phosphor gel; however, the critical factors which influence the volume control remain unrevealed. In this paper, we concentrate on investigating the transferred volume in terms of three parameters: withdrawal speed, post radius, and dipping depth. Numerical simulations were carried out utilizing the volume of fluid (VOF) model combined with the dynamic mesh model. The experiments were also conducted on an optical platform equipped with a high-speed camera. The simulation results coincide well with the experimental results, with the maximum relative difference within 15%. The results show that the transferred volume increases with the increasing withdrawal speed and remains stable when the speed is greater than 1 mm/s, and it shows a linear relationship with the cube of post radius. And the transferred volume will increase with the dipping depth. Based on the experimental and numerically work, it is concluded that the volume of the pre-analyzed phosphor gel can be precisely obtained.
Introduction
As green light sources, high-power LEDs have obtained high recognition and been widely applied in various illumination applications [1] [2] [3] [4] . The packaging processes especially coating process are of great significance to the performance of LEDs [5, 6] . Usually, two kinds of coating methods are widely used in the packaging processes which are direct liquid dispensing and conformal coating [7] [8] [9] . However, it becomes inapplicable with very small volume for the liquid behavior cannot be accurately controlled at large driving pressure [10] . In addition, the geometry of the phosphor gel is a big spherical cap by direct liquid dispensing, consequently lead to a low ACU. Recently, Zheng et al. presented a phosphor dip-transfer coating method to realize high ACU for phosphor-converted white LEDs [10, 11] . Dip coating is a common method and extensively applied in some industries because of its simplicity and high throughput [12] . The advantage of this technology is well handling very little volume liquid by depositing it on plane and cylindrical surface. The key to this method is the volume control of the phosphor gel, but there is few clear understanding on the critical factors and influence rules toward the phosphor gel volume of dip-transfer process currently.
The related researches are mainly based on experiment [13, 14] , which leads to a limited significance to the coating process. Lian et al. experimentally analyzed the transferred volume by creating and disconnecting liquid bridges [15] . The liquid bridge disconnected is a representative mechanism for volume transfer from one body to another. Liquid bridges are fluid formed between two or more solid surfaces. The geometry and related forces of liquid bridges have been studied to understand physics involved in microscale solid-liquid interaction [16] . A dynamic behavior of liquid bridges was also investigated [17] , but further applications of theoretical or experimental analysis on the liquid bridges have been rarely reported so far.
To capture the geometry changes of the phosphor gel through numerical simulation, the VOF model can be implemented. Zhang showed that numerical simulations of drop formation using the VOF method agreed well with experimental results [18] . Huang et al. used the VOF method to simulate the rupturing of the liquid filament and the subsequent generation of satellite droplets during gravure-offset printing. They comprehensively explained the influence of separation velocity, liquid viscosity, surface tension, gravitational force, and contact angle on ink transfer for gravureoffset printing [19] .
In this paper, we created a liquid bridge to study the flow mechanism of the phosphor gel during the dip-transfer process. We numerically and experimentally investigated the effect of three parameters in terms of withdrawal speed, post radius, and dipping depth on the transferred volume of liquid. Based on the experimental and numerically work, a quantitative analysis of these parameters affecting the transferred volume is explicit, and a pre-analyzed volume of phosphor gel can be precisely obtained.
Phosphor Dip-Transfer Coating Process
The phosphor dip-transfer coating process including two steps: one is from the mixture to the post and the other is from the post to the package. Through our research, we found the parameter effect in the second step is nearly similar with the first step, so we focus on the former process. Figure 1 shows the first process and it includes the following steps:
(1) Dipping the post into the phosphor gel up to a predefined depth, and a meniscus will be formed gradually under the effect of capillary force ( Fig. 1(a) ). (2) Lifting the post with a speed, U, and then a liquid bridge will be created transiently between the post and the mixture ( Fig. 1(b) ). (3) While the post is drew up with a certain speed, the neck of the liquid bridge became narrow, and there exists a pressure difference between the mixture and the air, which can be determined by Young-Laplace equation
where c is the surface tension, R 1 and R 2 are the principal radius of the meniscus curvature in the width and height directions, respectively ( Fig. 1(c) ). (4) After the post is lifted from the mixture, the liquid bridge will be disconnected, a very small volume of the phosphor mixture is transferred to the post bottom surface ( Fig. 1(d) ).
From the above analysis, the withdrawal speed, post radius, and dipping depth may affect the transferred volume. Therefore, a physical model should be established to study these factors toward the transferred volume.
Numerical Model and VOF Numerical Method
Numerical simulations were conducted by finite element method. A precise numerical model is essential to the final simulation accuracy. The VOF model combined with the dynamic mesh model was employed to simulate phosphor dip-transfer coating process. Due to the motion of the post, the normal simulation method cannot be used for the analysis of the process. Dynamic mesh technique, which is generally used to model flows where the shape of the domain changes with time due to motion on the domain boundaries, was utilized to simulate the motion of the post. The update of the volume mesh is handled at each time step based on the new positions of the boundaries. The motion of domain boundary was described by user-defined function.
3.1 Mathematical Models. VOF model is on the basis of fluid in the grid cell of volume function F to structure and track free surface each moment. If F equals to one in the grid cell at a moment, it shows that this unit is fluid unit which is all held by the specified fluid; if F equals to zero, this unit is all held by another fluid, it is called for empty unit relative to the former fluid, when F is larger than zero and less than one, this unit is the interface unit which contains two phase materials [20] .
(1) Volume function F changes with time following the following equation:
(2) The continuity equation of volume fraction
Among them
The velocity vector can be solved by the momentum equation
Among the formula F s is the origin of the momentum equation which is caused by surface tension and wall surface adhering effect
Among the formula: r is surface tension constant; u is velocity vector; l is fluid dynamic viscosity; a i is the volume fraction of the phase; k is surface curvature. Figure 2 shows the physical model. A two-dimensional symmetrical model was adopted to simplify the calculation for the model is axisymmetric. Each simulation was performed from a predefined distance h where the post dipped into the phosphor gel. The initial distance and velocity varies from one simulation to another. The bottom, the sidewall, and the post surfaces were set as wall. The top surface was set as pressure-outlet.
Calculation Model and Boundary Conditions.
For all the simulations presented in this work, the viscosity l of phosphor gel was set as 4 Pa Á s according to the test results by the viscometer CAP2000, the surface tension of the mixture was set as 0.03 N/m which was measured using pendant drop experiments, and the contact angle was assumed to be static and constant [21] during each simulation at a value of 15 deg by experiment. The withdrawal speed varies from 0.1 mm/s to 4 mm/s, the post radius 
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Transactions of the ASME varies from 0.64 mm to 2.1 mm, and the dipping depth of the post varies from 0 mm to 2 mm. The surface tension, gravity, and fluid viscous force were considered in the calculation model. Since the density and viscosity of the gas phase are orders of magnitude smaller than the liquid phase, the effect of the gas phase on the liquid phase is not significant in our numerical simulations. In order to make the simulation more realistic with the coating process, the simulation was divided into two stages: During the first stage, the post was static, the phosphor will automatically wet the post under capillary force, and reach a steady-state finally. During the second stage, the post will be drawn up at a predefined speed to simulate the process of coating. Figure 3 shows the experimental schematic of the phosphor dip-transfer coating processes. It is noted that the experimental working conditions were the same as those in numerical simulation. The post was connected to an electric motor to realize the vertical movement at a certain velocity. We used the high-speed camera equipped with a microscopic lens to monitor the fluid flow. A light source was utilized to ensure a high brightness illumination in the process of filming. To adjust the depth of the post in phosphor gel, we designed a platform which could realize a micro motion in both horizontal and vertical directions.
Experiments
The experiments were performed at room temperature (20 C). As a test material, the silicone-phosphor gel with a concentration of 0.1 g/cm 3 was applied in the experiments. The phosphor particles were sufficiently blended with the silicone (Dow Corning OE-6550), phosphor powder was produced by Intematix and the model number is YAG-04 with averaging particle diameter of 13 lm. The fluid properties, the withdrawal speed, the post radius, and the dipping depth of the post are chosen to accord with those used in the simulations described above. Figure 4 shows the comparison between our numerical simulations and the experimental results at different moments of the diptransfer process. The figure indicates good agreement between simulation and experiment. Figure 5 shows the transferred volume varies with the variation of withdrawal speed. When investigated the influence of the post's withdrawal speed, the other conditions were fixed, d ¼ 1.15 mm, h ¼ 0 mm. Here, U represents the withdrawal speed, d represents post diameter, and h represents dipping depth. The capillary number (Ca ¼ lU/c, c was the measured surface tension of 0.03 N/m) varied from 0.0133 to 0.5333 as the withdrawal speed increased from 0.1 mm/s to 4 mm/s. The large capillary number (typically larger than 10
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) represents the increased effects of viscosity on the fluid dynamics [22] , which contributes to the increase of the volume adhere to the post. Therefore, the phenomenon that the transferred volume increases with the withdrawal speed can be interpreted by the capillary number [23] . In addition, we observed that the mixture adhering to post sidewalls also contributed to the final volume. In case of a low capillary number of 0.0133 (U ¼ 0.1 mm/s), a large portion of mixture adhering to sidewall flew down to a liquid bridge before the end of disconnection. On the contrary, the sidewall mixture flew down after liquid bridge disconnection and contributed to the transferred volume if capillary number is large [22] . However, the transferred volume barely changed once the withdrawal speed is over 1 mm/s, which may stem from the greater withdrawal speed. While the speed is great enough, the liquid bridge will be disconnected soon, and then the volume adhere to the post will barely change. Figure 6 shows the transferred volume varies with the variation of the cube of post radius while the other conditions were also Fig. 6 and it can be seen that the transferred volume clearly depends on a linear relationship with r 3 . In terms of geometric relationships, the relationship between radius and volume is cubic. Therefore, it can clearly explain why the transferred volume represents a linear relationship with r 3 . Figure 7 shows the transferred volume varies with the variation of dipping depth, the other conditions were fixed, U ¼ 0.1 mm/s, d ¼ 1.15 mm. The transferred volume varies from 0.45 lL to 1.986 lL and the dipping depth varies from 0 mm to 2 mm. The results show that the transferred volume increase with the dipping depth and the slope is slightly increased. The increase of the dipping depth contributes to the kinetic energy transfer from the post to the phosphor gel, then overcoming the viscosity force and adhering to the post. And it also contributes to a larger portion of mixture adhering to sidewall, then the slope will gradually increase.
Conclusion
In summary, we numerically and experimentally analyzed the influence of the post radius, withdrawal speed and dipping depth on the transferred volume in the phosphor dip-transfer coating process. The simulation results coincide well with the experimental results, with the maximum relative difference within 15%. The results show that the transferred volume will increase with the withdrawal speed but tend to be stable while the speed is over 1 mm/s. The post radius is the major factors for the volume representing a linear relationship with r 3 , and the volume will increase with the dipping depth. Through these investigations, a clear understanding on how each factor influences the volume of the phosphor gel in the dip-transfer coating process can be acquired. Thus, the pre-analyzed volume of phosphor gel can be obtained precisely, which can be beneficial for the industrial community to manufacture LEDs with high performance. 
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